-INTRODUCTION
Hot spot generation is now well-recognized as the initial mechanism governing shock-to-detonation transition. The study of hot spot formation is difficult due to high temperature (-1000 K) and pressure (from 0.1 GPa to several 10 GPa) involved in this phenomenon, short duration (from a few ns to a few ps), very small size of the areas of interest ( s a few microns), opacity of the considered media and decomposition phenomena generating heat, gases and pressure. To overcome these difficulties, original experiments were carried out in order to identify the origin of the hot spots. The knowledge of this phenomenology then allowed us to develop a physical model of hot spots formation and ignition. This model itself is a powerhl tool which can be used to analyze complex initiation mechanisms like the ones occurring in mixed explosive compositions or in the case of double shocks. Another application of interest is the association of such a model with a grain burning law in order to develop an eficient and physical kinetics able to simulate all the phenomena involved in the shock-todetonation transition.
-HOT SPOTS : PHENOMENOLOGY -EXPERIMENTS [I]

Possible origin of hot spots
The hot spots are generated by the interaction between shock waves and heterogeneities of the micrcstructure of the explosive. In the same way, different mechanisms can be invoked, for hot spot formation, during pore collapse : hydrodynamic mechanism [4], heating of trapped gases [5] [6] , viscoplastic work in the explosive around the pores [7][8] [9] .
As mentioned in the introduction, direct observation is very difficult and we performed comparative experiments to evaluate the respective importance of each mechanism.
Relative influence of porosity and binder
Experiments were performed on pressed TATB compositions and pure TATB samples pressed at different densities. In all cases, the same well-characterized TATB powder was used. In addition to the go-no go results usually obtained with these experiments, we measured the run distance to detonation by observing the side of the sample with a streak camera to determine the (x, t) diagrams.
Gcp-Test
The experimental data are summarized in Figures 2 and 3 for TATB samples with densities between 1.0 and 1.875, and TATB composition T2, which includes TATB powder, a few percent of binder and 2.3 % of porosity. The removal of the binder from T2 leads to a 1.8 in density pure TATB sample. e (mm) 9 The analysis of Figures 2 and 3 shows that it is easier to initiate the powder without binder than the T2 composition. For the studied case, the binder has a negligible influence on the production of hot spots regarding to the influence of porosity.
Run distance to detonation :
We performed wedge test experiments on three different TATB compositions based on the same explosive powder (Table I) . The three binders have very different chemical and mechanical properties. We obtained the same results ( Figure 4 ) for T1 and T2, which have the same porosity. The T3 composition, which has a lower porosity, is more difficult to initiate. The results confirm our previous conclusion on the weak influence of the binder on hot spots formation process, regarding to the importance of porosity. 
Effective mechanism governing hot spots formation
We showed that in our pressed explosive compositions, the hot spots are created by the collapse of the pores. Some of the previously presented Gap-Test experiments, which were realised in the room atmosphere, were performed under vacuum. The same results, including the (x, t) diagrams, were obtained. Therefore, the compression of the gas contained in the voids has no influence on the initiation of the explosive. It is not so easy to have experimental data and make a choice between a hydrodynamic and a viscoplastic collapse of the voids. R.B. a. : initial pore radius (assumed spherical) P : pressure t : time Y : yield strength p : explosive crystal density p : viscosity then, to have a hydrodynamic mechanism, the two quantities N1 and N2 must be greater than one. In a shock wave, N1 is always greater than one, but, as shown in Figure 6 , the criterion is not hlfilled by N2 in our explosive compositions, in which the pores characteristic size lies between 0.1 pm and 1 pm and the viscosity (not well known), can lie between 100 P a s and 1000 Pas, as proposed by several authors Therefore, this analysis, added to the experimental data, shows that in pressed explosive compositions, the hot spots formation process is the result of the viscoplastic collapse of the pores included in the material.
-A HOT SPOTS FORMATION AND IGNITION MODEL 1131
3.1. The model
The pores are described as hollow spheres. the comparison of the two typical times, one for the viscous 4~ 2.ao collapse .rC = -2 s, the other for the shock crossing through the pore rs = -5 10-~s, shows P u that, at the beginning of the pore collapse, all the thermomechanical quantities are uniform all around the void. Therefore the implosion is spherical and initial values of pressure, density, and temperature are those induced by the shock in the medium surrounding the pore. A program was written in order to compute the heating of the explosive around the collapsing void, and its time to ignition. Based on the same assumptions and equations than other published models [7] All the parameters of these equations have a physical meaning, and can be determined with a good accuracy but the viscosity. This last parameter can be calibrated by using the hot spots model together with pressure history curves measured with embedded manganin gauges in shocked explosives samples.
Determination of the viscosity
The experimental set-up is presented in Figure 7 . The velocity of the projectile is chosen in order to have the needed shock pressure in the explosive. The pressure versus time curves are measured in the shocked explosive sample (Figure 8 ). If the shock pressure is not too high (in the shown example, 9GPa in the TATB composition T2), the curve presents two parts : a plateau followed by an increase of the pressure. The physical meaning of these two parts may be : the initiation of the hot spots followed by an increase of the pressure generated by the decomposition gases.
The extrapolation, up to the zero depth, of the curve which represents the duration of the plateau as a function of the depth of measurement, gives the value of the initiation time of the hot spots for the given pressure. This ignition time was determined for several shock pressures. The comparison of these experimental values with those obtained with the numerical model leads to a given value ofthe viscosity.
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But the so calibrated model is not able to simulate other experiments, like double-shocks impacts. In fact, the duration of the first plateau is not only the ignition time of the hot spots ; it includes also the time required to obtain a sufficient amount of gases which leads to a pressure increase in the explosive.
With the same experimental set-up, it is possible to determine the pressure threshold of shock initiation.
Using the hot spots model with a given viscosity, it appears that, the larger the pore, the easier the initiation (Figure 9) . Therefore, for a given shock pressure, the initiation time of the composition is the initiation time of the largest voids. The smaller pores, if initiated by the shock, modifi the energy release history behind the shock, but have no influence on the first reactions initiation. The model used with the largest voids diameter and the good value of the viscosity will reproduce these threshold values. 0 P (GPa) 
AROUND VOIDS OF SE VERAL INZTZAL RADII
The results obtained on two explosives compositions, XI and T2 (defined in 
An analytical model
We developed a simplified hot spots model, easier to use in a code and which gives the same results about the evolution o f the microvoids (radius, temperature) that those obtained previously, with the reference numerical model. : The evolution of the radius of the pore is governed by the equation :
I -Motion equntiotl
with : a : pore radius, Py : -213 Y In 0, 0 :
porosity.
The asymptotic solution o f this equation is
We use this formula for a(t) in the simplified model because it leads to a very good agreement with the results of the reference model ( Figure 12) . 
AND REFERENCE k1OI)EL
Vlscoplnshc hetrlit~g tnid f!~crr~lcrl cot~~k~cliot~ :
The pore wall temperature increase, due to the viscoplastic strains of the explosive, is given by where a is given by the motion asymptotic solution.
The cooling of the material, resulting from the thermal conduction, is calculated with a simplified analytical model based on an approximated heat balance in a spherical geometry ( Figure 13 ).
C4-74
JOURNAL DE PHYSIQUE IV
Figure 13 -1)EFZNITZON O F A HOTSPOT TYPICAL GEOhlETRY
We calculate the temperature (assumed uniform) in a thin shell (thickness : e) of explosive surrounding the void. During dt, this temperature increases by dovp as a result of viscoplastic heating, and the approxi~nated heat balance is given by :
where doc is the cooling due to thermal conduction. Then, the pore wall temperature is given by :
ded is the increase in temperature produced by the explosive decomposition, and is calculated with a simple zero order Arrheniirs kinetics.
The thickness of the shell, e, is equal to fao, where f is a function of the non-dimensional variable :
This function is determined in order to fit the results delivered by the reference hot spot model, as shown in Figure 14 . 
THE SIMPLIFIED MODEL AND THE REFERENCE ONE
Hot spots in cast explosive compositions :
The porosity is generally very weak in cast compositions. Then, the origin of hot spots cannot be explained exactly as previously.
However a very close approach can be done, the same mechanism can be invoked and the same models apply with slight modifications.
Cast compositions are characterized by. high percentage of binder. Thus a schematic representation of the microstructure of these compositions, suitable for modelling, can then be "large" cavities surrounded by explosive and filled with binder. Microscopic observation can give the characteristic size of these cavities and the model must be modified to take into account the compressibility of the binder. This can be done by taking into account, in the motion equation, a cavity internal pressure opposite to the shock pressure and depending on time (degree of collapse) and on the properties of the binder. In this case, the more compressive the binder, the easier the collapse of the cavity.
As a result of this, compositions with compressive binder should be more sensitive.
-APPLICATIONS
Initiation study of a mixed TATB-HMX composition [14] [IS]
We studied the shock initiation of composition TX1 (see Tuble 2). The experimental pressure threshold measured for TXl is 2.5 GPa (Figure 15 ) The TATB is not initiated by the shock wave, at this pressure (Figure 11 ) and the composition is ignited by the HMX. The hot spots model with the viscosity value determined for XI and lpm pores diameter predicts the 2.5 GPa value for the threshold pressure of TX1 in which the larger pores are only 0.4 ym in diameter (Figure 16 ). Figure 
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Figure 16 -IGNITION TIME OF INTERGRANULAR HOT SPOTS
ANALYSIS OF DOUBLE SHOCKS ON HMX, TATB, AND HMXITATB COMPOSITIONS
If an explosive sample is subjected to a low pressure shock, the pores collapse with a slow heating and, due to cooling by heat conduction, do not ignite. The pore collapse duration is a function of shock pressure, pore diameter and explosive viscosity.
If the explosive is subjected to a second shock ( Figure 17 ) of a higher pressure, even higher than the threshold pressure previously determined, it can be not initiated. This desensitization phenomenon depends on first shock pressure and duration, and on second shock pressure. 
Figure 17 -TYPICAL DOUBLE-SHOCK PROFILE
A TATB composition is more difficult to desensitize, because of its higher viscosity. But, as shown in Figure 19 , the same phenomenon can be obtained.
For a HMXITATB composition, the initiation process is more complex. Experimental results are presented in Figure 20 . In this example, P1 = 1.6 GPa, lower than the initiation threshold pressure of the composition. At this shock pressure, the pores directly connected with the HMX (a0 = 0.2 pm) are rapidly closed and no hot spot will be created in the HMX by the P2 = 4. GPa shock. The TATB powder is the same than the one used in T2, with 1 ym in diameter pores. As the TATB viscosity is greater than the HMX one, a longer time is required to get the closure of the pores. Therefore, if the duration of the precursor shock is less than 500 ns, the 4 GPa shock induces a heating of the TATB around the voids (800°C). The TATB cannot be initiated, but, by conduction of the thermal energy to an adjoining HMX grain, the TXl composition is initiated. The study of the behavior of explosive devices subjected to mechanical stimuli requires numerical modelisation of the shock-to-detonation transition. Several models, able to compute the shock initiation of heterogeneous explosives, were developed in different laboratories. [20] . These models are efficient tools but their empirical formulations and, in some cases, the important number of parameters needed, limit their applications.
In another connection, all the laboratories working about the formulation of explosive compositions are looking for insensitive high explosives. A kinetics of decomposition of the explosive, which takes into account the microstructure of the explosive composition, would help the researchers in their choices.
The shock-to-detonation transition is the result of two basic phenomena hot spots formation and ignition, explosive burning under high pressure.
As a result, a good kinetic able to simulate all the events involved in the SDT process must be composed of two physical models well-adapted to the description of these two basic phenomena.
The AMORC kinetics has been developed using the previously described analytical hot spots model (see 3.3) and an efficient grain burning law. This kinetics is able to describe all the phenomena involved in shock initiation like :
-SDT for high and low (induction time) incident pressures.
-Explosive desensitization by small pressure precursor or pressure ramp wave.
-Propagation of the detonation, interactions with inert materials -Influence of the temperature on the SDT.
-Influence of the microstructure (porosity, grain size, grain morphology).
-Mixed compositions reactive behavior.
Explosive grain bitrr~irtg [21] [22]
: The influence of grain size on the microstructural burning is well known. Fine grains generally burn faster than coarse ones. In addition, the importance of grain morphology on the decomposition phenomena was demonstrated [21] [22] . The assumed mechanism based on these works is composed of three phases : hot-spots ignition on the surface, grain surface growth, and grain burning.
The association of a powder morphology analysis with a grain mathematical erosion method leads to an evolution o f the yield, p/S (perimeter/surface of the grains) characteristic o f the powder. As an example, for the TATB powder used in our TATB compositions, the calculated evolution of p/S as a fbnction of the unburned mass fraction W is plotted in Figure 21 . where : -F(N) is a fi~nction of the number of hot spots, N, calculated by the hot spots model, in which a pore size distribution is introduced.
-Vc(P) is the pressure dependent burning velocity, measured in strand burner tests.
Vnlidcrfion of /lie AhfO/(C kitierics :
The AMORC kinetics is implemented in a one dimensional hydrodynamic code.As seen previously, the hot spots model is able to calculate the threshold initiation shock pressure and to predict the desensitization of the explosive by a precursor shock. The kinetics must reproduce the pressul-e vel.sils time curves measured at several depths in shocked explosive samples. 
Fig~li-L' 21 -EVOLUTION OF GRAIN MORPHOLOGY DURING THE DECOMPOSITION
In Figure 22 are plotted the profiles of pressure as a function of time, measured with manganin gauges in a TATB composition (TI) for an initial sustained shock o f 11 GPa, and calculated with the AMORC kinetics. Figure 23 presents the comparison between measurements and calculations of pressure profiles at 5mm depth in the explosive, for different initial shock pressures. A good agreement is obtained in all cases. The run distance to detonation as a function of the input pressure was also calculated and agreed well with experiments On Figure 25 , are plotted the pressure profiles calculated for T2 composition at 300 K or preheated at 500 K and subjected to the same shock. These results exhibit a small but significant sensitization of the explosive when it is heated before impacted. 
,-MICROSTRUCTURE OF THE EXPLOSIVE COMPOSITIONS
For C1 composition, the large pores lead to hot spots ignition and the coarse grains burn slowly. For C2, ignition is also obtained and the smaller grain size results in a faster pressure increase. In this case, the use of smaller grains increases the sensitivity of the explosive composition.
For C3, the voids are to small to produce an ignition of the explosive. In this case, a smaller grain size results in a lower sensitivity of the explosive composition. This phenomenon, called crossing of sensitivity, was previously experimentally observed [24] [25].
-CONCLUSION P (GPal
We performed an experimental and theoretical study of hot spots creation in pressed explosive compositions.
Experimentally, it was found that hot spots formation and ignition are the result of the interaction of shock waves with microstructural voids. The mechanism governing the heat generation in the hot spots is the viscoplastic collapse of the porosity. 
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A physical model of hot spot generation and ignition was developed on the basis of this phenomenology 
I T c 3
In this kinetics, the hot spots model is associated with an efficient grain burning law 1 Po = 10 GPO I
x = S m m
The applications of such a model are in the areas of physics of explosives, safety studies and explosive composition formulation.
